IMPORTANCE Retinoblastoma (Rb) is one of the first tumors to have a known genetic etiology. However, because biopsy of this tumor is contraindicated, it has not been possible to define the effects of secondary genetic changes on the disease course.
R etinoblastoma (Rb) is a primary pediatric ocular cancer and one of the first tumors to have a known genetic etiology. [1] [2] [3] [4] Most germline and sporadic forms of Rb develop in response to biallelic mutations in RB1 (phenotype OMIM 180200 and gene/locus OMIM 614041), the first molecularly defined tumor suppressor gene. 2, 4, 5 The elucidation of this gene and study of Rb provided a firm foundation for the field of cancer genetics. In addition to having RB1 mutations, Rb tumors analyzed after enucleation demonstrate recurrent chromosomal copy number variation (eg, regions of chromosomal gains and losses). 6 These chromosomal changes underlie many human cancers 7 and are frequent secondary genomic events during Rb tumorigenesis and contribute to disease progression. 8, 9 Yet, it has not been possible to define the effects of these chromosomal changes on treatment response and the disease course in Rb due to lack of access to tumor DNA. This lack of access is because, unlike many cancers, biopsy of Rb is contraindicated because of risk of tumor seeding outside the eye, possibly leading to orbital relapse. [10] [11] [12] [13] [14] [15] [16] Historically, any attempt to biopsy or obtain fluid from Rb eyes has been discouraged for concern of tumor dissemination. However, updates to intravitreous injection protocols for vitreous seeding include a paracentesis to increase safety of the injection. 17, 18 In 1995, intravitreous injection for Rb was initially described, 19 but it was not widely accepted until 2012 when Munier et al 17, 18 published their safety-enhanced protocol, which recommended an initial paracentesis to withdraw aqueous humor (AH) to lower the intraocular pressure and thus prevent reflux of seeds to the pars plana injection site. Intravitreous injection of melphalan has revolutionized treatment of vitreous seeding and is now the standard of care for patients with Rb in the United States 20-27 and internationally. 17, [28] [29] [30] [31] [32] [33] [34] The procedure is considered safe and effective in eradicating seeds. 20, 23, [35] [36] [37] [38] A systematic review 37 found no reports of tumor spread after the safety-enhanced technique with an initial paracentesis. 17, 18 Therefore, the procedure not only provided an effective treatment for vitreous seeding but also facilitated safe access into the intraocular space and, specifically, the AH in Rb eyes. The procedure changed the dogma that the globe in Rb eyes was inviolable. Like tumor, the AH is a rich source of information for intraocular disease. Previous studies demonstrate that the AH harbors markers of intraocular disease, such as cell-free nucleic acids and proteins. Micro-RNA (miRNA) has been detected from the AH in eyes with cataract and glaucoma. With increased use of intravitreous injection to treat vitreous seeding and thus greater access to the AH, we examined whether the AH can be used as a liquid biopsy of cellfree DNA (cfDNA) derived from Rb tumors. Specifically, after obtaining AH from Rb eyes after primary enucleation or before intravitreous injection of melphalan, we (1) found measurable levels of nucleic acids, including cfDNA, RNA, and miRNA; (2) defined genome-wide, chromosomal copy number variation profiles of tumor-derived cfDNA; and (3) detected the specific RB1 mutation in the AH of 1 patient. The application of this technique may allow us to better diagnose and monitor Rb as well as to develop novel insights into tumor progression at the molecular level.
Methods
This investigation was a case series study at a tertiary care hospital (Children's Hospital Los Angeles [CHLA]) with a large Rb treatment center. Samples were taken between December 2014 and September 2015. Children's Hospital Los Angeles Institutional Review Board approval was obtained for this study. Written informed consent was obtained from the parents of all participants, and that included permission for publication.
Surgical Procedure
A paracentesis with extraction of 0.1 mL of AH with a 32-gauge needle via the clear cornea is performed routinely as part of the procedure for the intravitreous injection of melphalan for treatment of vitreous seeding 18,36 (or 0.1 mL from the anterior chamber after enucleation). There is no contact between the needles and the retinal tumor or the vitreous cavity.
Analysis of Cellular Content in the AH
Ten 0.1-mL samples of the AH were evaluated by CHLA clinical cytopathology laboratory staff immediately after extraction. Hematoxylin-eosin staining was performed. Brightfield microscopy was used to evaluate for cells, and none were found. These samples were used clinically, and further
Key Points
Question Does the aqueous humor of retinoblastoma eyes contain sufficient tumor-derived DNA to perform genetic analysis?
Findings This study included 6 aqueous humor samples from 3 retinoblastoma eyes, 2 after primary enucleation and 4 before intravitreous injection of melphalan in an eye treated for vitreous seeding. Evaluation of aqueous humor demonstrated tumor-derived, cell-free DNA and chromosomal copy number variations (regions of chromosomal gains and losses), representing changes in the tumor.
Meaning These findings suggest that aqueous humor can serve as a surrogate tumor biopsy for analyses of tumor-derived DNA in retinoblastoma eyes, which may be useful for eyes undergoing salvage therapy in which tumor tissue is unavailable.
analyses were not performed. Subsequent AH samples were stored at −80°C in the original tuberculin syringes. After enucleation, tumor tissue was suspended in phosphatebuffered saline and then embedded in optimum cutting temperature compound (Sakura Finetek). Blocks were stored at −80°C. DNA was isolated using the QIAamp DNA Micro Kit (Qiagen).
Analysis of Nucleic Acid Content in the AH
DNA, RNA, and miRNA concentrations were assayed using the Qubit HS (High Sensitivity) Assay Kit (Thermo Fisher), which measures concentration of the assayed nucleic acid with the Qubit Fluorometer. The lower limit of detection is 10 pg/μL.
cfDNA Isolation and Purification
The AH was separated from the thawed sample by centrifugation for 10 minutes at 2000g. Collected AH was centrifuged again for 10 minutes at 14 000g to remove any cell debris and frozen at −80°C for further analysis. After centrifugation, AH supernatant was used for cfDNA extraction, while 5 μL from the bottom of the tube was suspended, plated on slides, and examined for intact cells with an IX81 Microscope (Olympus). No intact cells were found. The extracted AH volume was replaced with 1 × phosphatebuffered saline. Extraction of cfDNA was done with the QIAamp Circulating Nucleic Acid Kit (Qiagen) per the manufacturer's instructions. This kit purifies DNA with a silicabased membrane. Concentration of cfDNA was measured using the Qubit Fluorometer System (Thermo Fisher). One AH sample provided enough cfDNA for size distribution evaluation with the Bioanalyzer 2100 High Sensitivity DNA Assay and Kit (Agilent Technologies).
Next-Generation Sequencing
DNA libraries for Illumina sequencing were constructed with the QIAseq Ultralow Input Library Kit (Qiagen) due to the small amount of extracted cfDNA from the AH samples. Each library was constructed with a sample bar code to permit pooling of multiple samples on a single Illumina HiSeq lane. DNA libraries were sequenced on the Illumina HiSeq platform for a single-end 50 base pair (bp) protocol.
Data Analysis
The bioinformatic procedures involved in the chromosomal copy number variation analysis have been previously published. 51, 52 Briefly, next-generation sequencing (NGS) reads from pooled DNA libraries were deconvoluted using bar codes. The reads were mapped to the human genome (hg19, Genome Reference Consortium GRCh37, University of California Santa Cruz Genome Browser database; https://genome .ucsc.edu), and polymerase chain reaction duplicates were removed. Normalization for guanine-cytosine content was performed, and DNA segment copy numbers were estimated by dividing the genome into 5000 variable-length bins and calculating the relative number of reads in each bin. Hierarchical clustering was performed using the heatmap.2 function in the R package gplots (https://cran.r-project.org/web/packages /gplots/index.html) on median-centered data using the method by Ward 53 as the distance metric. Thresholds of 0.8 and 1.25
relative to the median were used to define deletions and amplifications, respectively. Medical histories of the included patients were reviewed. Clinical details and treatment regimens were recorded.
Results

Patient and AH Sample Characteristics
Six AH samples from 3 Rb eyes in 3 children (2 after primary enucleation and 1 undergoing multiple intravitreous injections of melphalan for vitreous seeding) were obtained via a paracentesis. Two patients presented with unilateral disease. One of them had a constitutive 13q deletion, which predisposes to the development of Rb due to complete loss of the RB1 gene. Both patients underwent primary enucleation given the advanced nature of the tumor. The third patient presented with bilateral disease and underwent eye-salvaging systemic chemotherapy, followed by intravitreous melphalan treatment for tumor seeding. The AH was obtained from the eye with vitreous seeding only. This patient demonstrated 30% mosaicism for (c.1075A>T p.Lys359Ter /Lys→STOP) in the peripheral blood.
Evaluation of AH Nucleic Acid Content
Analysis of the 6 samples demonstrated measurable concentrations of DNA, RNA, and miRNA (eTable in the Supplement). The DNA concentration ranged from 0.084 to 56 ng/μL (median, 0.174 ng/μL). The AH samples from the patient treated with intravitreous injection had lower concentrations of all nucleic acids compared with the AH samples obtained after primary enucleation. There was no consistent decrease in AH nucleic acid concentration after subsequent intravitreous injection, although there was a decrease in active tumor seeding. The DNA size distribution peaked between 145 and 165 bp (median, 150 bp), consistent with cfDNA.
Tumor-Specific cfDNA in the AH After Primary Enucleation
Two eyes that were primarily enucleated were evaluated. Their case reports follow.
Case 1 is a boy diagnosed at age 7 months as having unilateral Group D 54,55 Rb. The NGS of peripheral monocytes did not demonstrate a germline RB1 mutation. An AH paracentesis and tumor sample were taken immediately after enucleation and subsequently evaluated. Whole-genome copy number variation profiling was done, which showed the chromosomal changes (both gains and losses) that diverge from a diploid cell with a full complement of chromosomes. This analysis demonstrated that the chromosomal copy number gains and losses from the AH cfDNA ( Figure 1A ) correlated with the tumor DNA ( Figure 1B) . Profiles from both tissues showed a gain on chromosomes 1q and 6p, consistent with known chromosomal changes in Rb. 56 There was also a gain on 17q22-17q25 and a loss of 17p13.3-p13.1 demonstrated in both the tumor and the AH (Table and Figure 1 ).
Case 2 is a boy diagnosed at age 20 months as having unilateral Group E Rb and treated with primary enucleation. The child was known to have a germline 13q deletion that predisposed to the development of Rb. Genomic DNA from a buccal swab ( Figure 2C ) confirmed the 13q deletion (13q13.3-q21.32), which was also seen in the AH (Figure 2A ) and the tumor ( Figure 2B ). The AH and tumor samples were taken after enucleation and evaluated. Chromosomal analysis demonstrated a heterogeneous sample, with some differences in the copy number variation profile between the This profile is from a patient after primary enucleation showing overlapping gains and losses in the aqueous humor (AH) and tumor demonstrating that the cell-free DNA in the AH is derived from the tumor. A, Chromosomal copy number variation profile from cell-free DNA in the AH (gain of 1q, 6p, and 17q22-17q25 and loss of 17p13.3-p13.1). B, Chromosomal copy number variation profile from tumor (gain of 1q, 6p, and 17q22-17q25 and loss of 17p13.3-p13.1). C, Overlay of the chromosomal copy number variation profiles (AH is blue, and tumor is red).
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AH and the tumor. The chromosomal copy number variation in the AH sample showed a gain of 1q and 6p, which was also seen in the tumor (however, the amplitude of the 1q gain was higher in the tumor than in the AH; 6p was higher in the AH), but additional copy number amplification was seen at 2p, 4q, and 15q. The tumor showed a gain at 7q31-q36, which was not detected in the AH. In terms of chromosomal losses, aside from the 13q13.3-q21.32 loss seen in all tissues, the AH demonstrated additional loss of 1p36.33-p32.3, 16q, 17p, and 20p but did not demonstrate the 5q loss seen in the tumor (Table and Figure 2 ). Given the germline predisposition to Rb, the eye was filled with multiple large tumors, and we hypothesize that the chromosomal copy number variation in the AH reflected cfDNA from multiple tumor clones and not the single tumor biopsied after enucleation.
Tumor-Specific cfDNA in the AH After Treatment With Intravitreous Melphalan for Vitreous Seeding
The AH samples were evaluated from Case 3 during serial intravitreous injections of melphalan for treatment of vitreous seeding. Case 3 is a girl diagnosed at age 28 months as having bilateral Group D Rb. The child was treated with 6 cycles of 3-drug chemotherapy per CHLA protocol, 57,58 followed by multiple intravitreous injections of melphalan for vitreous seeding in the right eye. A secondary enucleation was subsequently required due to tumor relapse. Four of the AH samples taken during the course of serial intravitreous injections were analyzed for tumor-derived cfDNA. The first 3 samples were obtained 1 month apart, and the fourth sample was taken 2 weeks after the third sample. Evaluation of the AH cfDNA at all time points demonstrated a gain on chromosomes 1q, 2p, and 6p and a loss on chromosome 16q (Figure 3) , consistent with known copy number variations in Rb. 56 In addition, there were gains on 2q, 7q, 17q21.31-q25, 18q21.32-q23, and Xq26-q28 and losses on 11q14-q25 and 19q. This complex set of chromosomal gains and losses was also in the tumor sample ( Figure 3E ) taken after treatment at the secondary enucleation. The NGS clinical testing of the peripheral blood showed 30% mosaicism for an A-to-T point mutation in exon 11 (c.1075A>T p.Lys359Ter/Lys→STOP), causing an immediate termination codon that predisposed to the development of Rb. Sanger sequencing of the AH cfDNA and the tumor DNA with polymerase chain reaction primers targeting RB1 gene c.1075A demonstrated this same RB1 mutation (Table and eFigure in the Supplement).
Discussion
We evaluated the AH from 3 Rb eyes to assess whether the AH can serve as a surrogate Rb tumor biopsy. First, we demonstrated that there were measurable concentrations of nucleic acids in the small volume of AH sampled after primary enucleation and before intravitreous injection of melphalan. This finding is notable because the volume of active tumor in eyes undergoing intravitreous injection is significantly less than those with large, globe-filling tumors that undergo primary enucleation. While the volume of AH that can be extracted is small (0.1 mL), the fluid harbored measurable concentrations of DNA, RNA, and miRNA, raising the possibility that future studies might reveal diagnostic or prognostic roles for AH RNA and DNA. Based on this study evaluating nucleic acids purified from the AH in Rb eyes undergoing intravitreous injection of melphalan for vitreous seeding, we hypothesize that the source of cfDNA in the AH is from tumor cells in the posterior segment that have undergone necrosis and lysed. Subsequently, this necrosis and lysis allowed tumor-derived cfDNA to diffuse across the vitreous face into the AH. Another possibility is that tumor cells migrated to the anterior chamber and then lysed. However, no tumor cells were found in the 10 AH samples analyzed immediately after extraction. This result is consistent with published data on cytopathologic analysis of 122 AH samples extracted before intravitreous injection, all of which were negative for the presence of cells. Separate samples demonstrated that there were measurable levels of nucleic acids in the AH of these eyes, and our next aim was to investigate whether the AH DNA was tumor derived. Copy number variation profiling confirmed the presence of somatic chromosomal variations that would be expected from the tumor DNA and have been described in Rb. 8 We were able to demonstrate that copy number variation in cfDNA could be detected in the AH and that the chromosomal copy number profiles in the AH reflected those of the enucleated tumors. In Case 3, evaluation of the AH also provided access to Rb tumor DNA without enucleating the eye. If corroborated in additional patients, this result could establish a minimally invasive, nondestructive method of identifying specific genetic changes at diagnosis or during treatment. In this study, we demonstrated that the DNA in the AH is consistent with expectations for Rb tumor DNA, exhibiting similar known chromosomal changes, including a gain of 1q, 2p, and 6p and a loss of 16q. Comparisons of the chromosomal copy number variation profiles between the AH and the tumor are consistent with the hypothesis that cfDNA from the AH is tumor derived. The AH did not perfectly mimic the chromosomal changes in the tumor in all cases, which may suggest that in a patient with multifocal tumors, there may be variations in the genetic changes of each tumor clone, all of which separately contribute to the AH cfDNA. Further research is needed to test this hypothesis. In addition, evaluation of a greater number of samples of the AH cfDNA, as well as longitudinal sampling, is needed to determine whether the AH continues to mimic the known chromosomal changes that have been described in Rb tumor samples. 8 Kooi et al 8 recently published a report entitled "Somatic Genomic Alterations in Retinoblastoma Beyond RB1 Are Rare and Limited to Copy Number Changes," in which they evaluated 71 Rb tissue samples for copy number gain and loss. Evaluation of 6 AH samples from our 3 patients is similar in distribution and depth of chromosomal variations found in their compiled tumor samples ( Figure 4) . Finally, future research is necessary to determine if copy number variation profiles differ with vitreous seeding progression, response or resistance to chemotherapy, more aggressive disease, or tumor anaplasia, which portends a worse prognosis. 59, 60 There is currently no known manner of determining which tumors may be more or less responsive to therapy; therefore, a better understanding of the genomic mechanisms in Rb may aid in the development of personalized therapy for Rb. We identified the specific RB1 mutation in the AH in Case 3, with the benefit of knowing which mutation to query. This suggests that, despite lack of whole-cell genomic DNA, an appropriate library may be created to assay for RB1 mutations in cfDNA from the AH. If this process was successful, it would allow the AH to serve as a true surrogate biopsy not only for chromosomal rearrangements but also for the specific RB1 mutation. It is not known whether there is a clinical influence from knowing the RB1 mutation (or mutations) for every Rb tumor because this information is only available if the eye is enucleated. One scenario in which patient care could be influenced by the AH surrogate biopsy is the rare Rb tumor initiated by MYCN (OMIM 615968) amplification and not RB1 loss. It has been suggested in previously published literature that MYCNamplified eyes should be enucleated due to the aggressive nature of these tumors.
56,61 However, clinicians currently do not have this information when making treatment decisions because it is only known by evaluating tumor tissue or DNA. Further research is needed to discern if the AH will be a reliable source to query for RB1 mutations.
Limitations
A limitation of this study is that only 3 advanced Rb eyes were evaluated. Therefore, the findings presented herein need to be validated in more AH samples, particularly in eyes undergoing therapy and in less advanced Rb eyes to determine whether smaller tumors also have detectable amounts of cfDNA in the AH.
Conclusions
This study demonstrates that tumor-specific DNA is present in the AH of Rb eyes and can be safely "biopsied" and evaluated. To our knowledge, the present study is the first description of using the AH as a surrogate tumor biopsy for Rb when tumor tissue is not available. With further research, this novel method may allow clinicians to diagnose Rb in the setting of a diagnostic dilemma and, potentially, to determine whether certain chromosomal copy number variation profile parameters or RB1 mutations correlate with prognosis or therapeutic response. While additional investigation is required, this surrogate biopsy has the potential to revolutionize how we manage this childhood cancer.
